INTRODUCTION
In describing any new epithelial culture, it is important to provide information on whether the cultured cells form a barrier and show vectorial transport of salts and water. These are the primary functions of epithelia and can be assessed from measurements of transepithelial electrical resistance (R te ) and short-circuit current (I sc ). I sc is the transepithelial current needed to clamp the transepithelial voltage to zero and is equal to the sum of the active ion transport processes operating across the epithelium (1) . R te is an index of tight junction formation and barrier function. It is calculated on short-circuited tissues from the current needed to clamp the voltage by a set amount away from zero. R te of native human airway epithelium is approximately 100 Ω.cm 2 , although this is probably somewhat less than in vivo due to the difficulties in obtaining fresh specimens; I sc is 20-50 µA/cm 2 (2) (3) (4) (5) .
Cells grown by our techniques have been widely used in studies of cystic fibrosis (6) . Their baseline I sc (approximately 35 µA/cm 2 ) resembles that of native epithelium in its magnitude and regulation (5); they have an R te of 200 Ω.cm 2 and are densely ciliated (5, 7) . Others have also produced well-ciliated cultures with good electrical properties and have shown that they can be passaged once while maintaining these characteristics (8) .
Several groups have passaged human tracheal epithelial cultures more than once, but in all cases, the cells dedifferentiated rapidly with increased passage number. Gray et al. (9) , for instance, found that cells grown on gels of rat tail collagen could be passaged four times (P 4 ) without any marked reduction in their ability to secrete mucins, but cells that had been passaged five times (P 5 ) did not grow. However, under the culture conditions used, the numbers of ciliated cells were low and declined from 14% at P 2 (cells passaged twice) to 5% at P 4 . By contrast, native epithelium is approximately 90% ciliated (10) . In Gray's studies (9), cultures of P 2 and P 3 cells (cells passaged three times) showed R te of 500 and 800 Ω.cm 2 , respectively, which are values similar to those of native epithelium (11) , but the equivalent short-circiut current (I eq ; the ratio of transepithelial potential difference to R te ) was approximately 3 µA/cm 2 , a value much lower than native tissue (2) . By P 4 , R te and I eq had declined to 100 Ω.cm 2 and 2 µA/cm 2 . Yoon et al. (12) were unable to grow human nasal epithelial cells beyond P 3 , and there was evidence that P 3 cells were less differentiated than those of earlier passages. Galietta et al. (13) have reported that human airway epithelial cells can be passaged up to 6 times (P 6 ) while retaining vectorial ion transport. However, the R te of their cells was abnormally high (1000-4000 Ω.cm 2 ), and the I sc was abnormally low (approximately 5 µA/cm 2 ) (14) . Furthermore, the rate of transepithelial RESEARCH REPORT liquid absorption of approximately 0.5 µL.cm -2 .h -1 (14) is about one-tenth that of cultures of P 0 (unpassaged cells) (15) . Apparently, cilia were present, but the degree of ciliation was not documented (16) . Finally, in Galietta's studies (13, 14, 16) , there was no indication of how the properties of the cells varied with passage, although it was implied that cells did not polarize after P 6 . By co-culturing with irradiated 3T3 fibroblasts, de Jong et al. (17) were able to subculture human bronchial epithelial cells eight times. However, they provide no information as to functional or structural changes with passaging, except to state that cilia are lost on subculturing.
Our purpose was to develop a simple passaging technique that would allow a rapid and considerable increase in cell numbers without undue loss of differentiated structure and function.
MATERIALS AND METHODS
Entire tracheas were obtained from 10 to 15 h postmortem. They were opened longitudinally along their ventral surface and pinned out in a wax dissecting tray with the mucosal side uppermost. The surface epithelium was then scored with a scalpel blade to create longitudinal strips about 3 mm wide. These strips were grasped at their ends with hemostats, pulled off from the underlying tissue, placed in 25 mL phosphate-buffered saline (PBS) containing 0.4 mg/mL protease (type XIV; Sigma, St Louis, MO, USA) (5) and kept overnight at 4°C. The following morning, cells were isolated by vigorous shaking, and the protease was neutralized by the addition of an equal volume of DMEM/F12, a 1:1 mixture of Dulbecco's modified Eagle medium (DMEM; Fisher, Pittsburgh, PA, USA) and Ham's F12 medium (F12; Fisher) containing 5% fetal calf serum (FCS). The denuded strips were removed, and the dispersed cells were centrifuged at 200× g for 10 min. The pellet was then resuspended in a known volume of DMEM/F12, dispersed by repeated aspiration in a 10-mL pipet, and a cell count was made on the suspension with a hemacytometer. Cells were then seeded at 5 × 10 5 cells/cm 2 onto 1.13 cm 2 Transwell polycarbonate inserts (Corning, Corning, NY, USA) or at 2 × 10 4 cells/cm 2 into T 75 flasks. All vessels were coated with human placental collagen as described previously (18) . The DMEM/F12 was removed on the day after plating. From then, cells in T 75 flasks were grown in either Gray's medium (9) or Lechner's Laboratory of Human Carcinogenesis basal medium #9 (LHC-9; Biofluids, Rockville, MD, USA) (19) . Cells on inserts were grown in Gray's medium, as this medium produces high levels of differentiation in primary cultures of human tracheal epithelium (7).
Gray's medium is a 50:50 mixture of DMEM and LHC-9 supplemented with 1.4 µM hydrocortisone (BD Biosciences, San Jose, CA, USA), 5 µg/mL insulin (Sigma), 10 µg/ mL transferrin (BD Biosciences), 2.7 µM epinephrine (Sigma), 9.7 nM triiodothyronine (Sigma), 0.5 ng/mL epidermal growth factor (BD Biosciences), 50 µM all transretinoic acid (Sigma), 1% bovine pituitary extract (25 mg protein/mL; Pel-Freez, Rogers, AK, USA), and 1.5 µg/mL bovine serum albumin (BSA; Sigma).
The major inorganic components of DMEM/F12 are 120 mM NaCl, 4.2 mM KCl, 29 mM NaHCO 3 , 0.45 mM NaH 2 PO 4 , 0.71 mM Na 2 HPO 4 , 1.05 mM CaCl 2 , and 0.71 mM MgSO 4 . For LHC-9, they are 104 mM NaCl, 1.5 mM KCl, 11.9 mM NaHCO 3 , 1.99 mM NaH 2 PO 4 , 0.11 mM CaCl 2 , 0.60 mM MgCl 2 , and 22.7 mM NaHEPES. For LHC-9/DMEM, they are 107 mM NaCl, 3.4 mM KCl, 28.0 mM NaHCO 3 , 1.0 mM Na 2 HPO 4 , 0.45 mM NaH 2 PO 4 , 0.96 mM CaCl 2 , 0.30 mM MgCl 2 , 0.41 mM MgSO 4 , and 11.3 mM NaHEPES. The glucose concentrations of the various media were 17.5 mM DMEM/F12, 6 mM LHC-9, and 15.5 mM DMEM/LHC-9. Concentrations of amino acids in the various media were (in the order DMEM/F12, LHC-9, and DMEM/LHC-9): alanine (50, 100, and 50 µM), arginine (700, 2000, and 1200 µM), asparagine (50, 100, and 50 µM), aspartic acid (50, 30, and 15 µM), cysteine (200, 200, and 220 µM), glutamic acid (50, 100, and 50 µM), glutamine (2500, 6000, and 5000 µM), glycine (250, 100, and 250 µM), histidine (150, 160, and 180 µM), isoleucine (410, 30, and 420 µM), leucine (450, 1000, and 900 µM), lysine (500, 200, and 500 µM), methionine (120, 60, and 130 µM), phenyalanine (220, 60, and 230 µM), proline (150, 300, and 150 µM), serine (250, 1200, and 800 µM), threonine (450, 200, and 500 µM), tryptophan (45, 30, and 55 µM), tyrosine (210, 30, and 210 µM), and valine (450, 600, and 700 µM). All media also contained, in the same order as for amino acids: biotin (15, 80, and 40 nM), calcium pantothene (4.7, 0.6, and 4.5 µM), choline (65, 200, and 115 µM), folic acid (6, 1.8, and 5 µM), 4 to the LHC-9. All media contained 100 U/mL penicillin, 100 µg/mL streptomycin, 50 µg/mL gentamicin, and 2.5 µg/mL fungizone, from Omega Scientific (Tarzana, CA, USA).
Cells were passaged by exposure to 0.25% trypsin, 0.02% EDTA in Ca-free saline (saline-trypsin-versine; STV), with approximately 15 min being sufficient to dislodge all the cells from a T 75 flask. On completion of the enzymatic digestion, the trypsin was neutralized by addition of excess FCS in the form of DMEM/F12, cells were centrifuged at 200× g for 10 min, resuspended in DMEM/F12, and plated onto inserts or T 75 flasks. The DMEM/F12 was replaced by Gray's or LHC-9 medium the following day. Media were changed every 2 days. We define P 0 cells as those cells plated directly after isolation. P 1 , P 2 , P 3 , and P 4 cells are those that had been passaged once, twice, three times, or four times, respectively.
At 2, 4, 6, and 8 weeks after plating, the inserts with their attached cells were mounted in Ussing chambers, and I sc and R te were determined as previously described (5). After mounting the tissues, about 1 mL Krebs-Henseleit solution was added to the Lucite halfchambers only. Initial determinations of I sc and R te were made, and 1 min later, the volume of the Krebs-Henseleit solution was increased to 10 mL by infusion through the bottom of the halfchambers. The resulting circulation of medium by the 37°C water-jacketed gas-lift oxygenators (95% O 2 /5% CO 2 ) stimulated I sc and reduced R te . Both these electrical parameters stabilized after approximiately 5 min, at which point active sodium absorption was inhibited with amiloride (10 -5 M, mucosal bath), and 2 min later, cAMPdependent chloride secretion was activated with forskolin (10 -5 M, both baths). Drugs were added as 1:100 or 1:1000 dilutions of stock solutions in water or ethanol. The values of I sc and R te immediately before the addition of amiloride were taken as baseline.
At the end of the Ussing chamber experiments, cell sheets were removed and cut in half. One half was fixed in 4% formaldehyde for scanning electron microscopy, the other was dissolved in 1 mL 0.1 M NaOH for determination of total cell protein and DNA. Scanning electron microscopy was as described previously (20) . Protein was determined using bicinchoninic acid (21) , with BSA as a standard. Following neutralization of the 0.1 M NaOH by addition of HCl, DNA was determined with bisbenzamide (22) . DNA contents were then converted into cell numbers using the value of 7 pg DNA per airway epithelial cell determined previously by our group (23), a value identical to that determined for other mammalian cell types (24, 25) . This indirect method of determining cell numbers was preferred to the counting of cells detached by trypsinization, because the cell sheets were on opaque inserts, and it was hard to estimate when all the cells had been released. However, we did perform experiments in which STV was added to the mucosal surface of the inserts, removed at various times, and the protein content of cell suspension and filter was determined.
Figure 2. Dependence of protein content of cells on inserts on passage number (P).
Values for all time points have been combined. Note that for P 0 , the protein per cell declined significantly with time (least-squared linear regression) from 630 ± 133 µg/cell at week 2 to 371 ± 42 µg/cell at week 8. For P 1 , there was also a significant decline over time from 644 ± 70 µg/cell at week 2 to 497 ± 70 µg/cell at week 8. Changes in protein per cell over time were not significant for P 2 , P 3 , or P 4 . Means ± sem, n = 23 (P 0 ), 23 (P 1 ), 18 (P 2 ), 15 (P 3 ), or 8 (P 4 ). Numbers over the columns indicate the passages from which each particular passage is significantly different [based on analysis of variance (ANOVA)]. These experiments showed that a 45-min trypsin treatment combined with mild vortex mixing would remove all the cells. However, in the interests of efficiency and simplicity in the experiments reported below, cell numbers were estimated from DNA contents. Data are presented as means ± sem. Tests of statistical difference were performed with analysis of variance (ANOVA) or Student's t-tests with P < 0.05 being considered significant.
RESULTS

Expansion
Cells from three tracheas were studied. When plated at 2 × 10 4 cells/cm 2 in T 75 flasks and grown in Gray's medium, cells from all tracheas achieved 80% confluence at P 0 through P 2 . However, only one set of cells achieved 80% confluence at P 3 . P 4 cells were generated from this culture, but failed to achieve 80% confluence in T 75 flasks (although they did form confluent cell sheets with the 25-fold higher plating density used on inserts). With each passage, it took progressively longer times to achieve 80% confluence (see Table 1 ). Also, with each passage, fewer cells were obtained on trypsinization of the 80% confluent cultures (Table 1) .
In our first experiments, we grew cells for expansion and passaging in both Gray's medium and LHC-9. At all passages, it took cells approximately 50% longer to achieve a given degree of confluence in LHC-9 than in Gray's medium. However, the properties of cells on inserts were identical whichever medium was used for expansion.
Cell Numbers and Protein Levels
With each passage, there was a decline in cell number per square centimeter, as estimated from DNA measurements (Figure 1) . Thus, at each time point studied (i.e., 2, 4, 6, or 8 weeks), the least-squared linear regression of cell number on passage number was statistically significant. However, for any given passage, cell numbers remained fairly constant with time ( Figure 1 ).
Estimates of protein per cell ( Figure  2 ) revealed significant increases in cell size between P 1 and P 2 and between P 2 and P 3 . However, protein content at P 4 was not significantly different from P 2 or P 3 (ANOVA).
The decline in cell number per unit area with passaging and the increase in the average protein per cell was confirmed by conventional light microscopy ( Figure 3) , which showed that in going from P 0 to P 3 there was a marked decline in the number of nuclei per unit length of section, whereas the ratio of the area of sectioned tissue to the number of visible nuclei (an index of cell size) was greatly increased.
Electrical Properties
For every passage of each of the cultures studied, there were no significant (least-squared linear regressions) changes in R te , baseline I sc , or the responses in I sc to amiloride or forskolin with time in culture. Figure  4 , for instance, shows the time dependence of R te and baseline I sc for P 0 cells. Because there were no time-dependent changes in the electrical properties, we grouped values from all time points when comparing different passages. For R te and I sc , the sequence (ANOVA) was P 0 = P 1 = P 2 > P 3 = P 4 ( Figure 5 ). With increasing passage number, the I sc responses to both forskolin and amiloride also declined ( Figure 6 ). The forskolin-induced increase in I sc were similar for P 0 , P 1 , and P 2 , which were all significantly greater than for P 3 and P 4 , with the latter two not significantly different from each other. With a sequence of P 0 = P 1 > P 2 > P 3 = P 4 (ANOVA), the amiloride-sensitive decrease in I sc showed greater sensitivity to passage number than the other electrical properties.
Ciliation
The degree of ciliation was determined by scanning electron microscopy. By week 2, P 0 cells were Data from 2, 4, 6, and 8 weeks combined; neither parameter at any passage showed significant change between 2 and 8 weeks (least-squared linear regressions). Means ± sem, n = 24 for P 0 , P 1 , and P 2 , 22 for P 3 , and 13 for P 4 . starting to grow cilia. By week 4, cilia occupied almost 50% of the surface area ( Figure 7A ), and this degree of coverage persisted out to 8 weeks. P 1 and P 2 cells were slower to grow cilia, being approximately 25% ciliated at 2 weeks and 50% ciliated at weeks 6 and 8. Also, the numbers of cilia per ciliated cell tended to be less than for P 0 cells ( Figure 7B ). P 3 and P 4 cells had much larger apical membrane surface areas than earlier passages ( Figure 7C ) and were unciliated, except that P 3 cells showed approximately 5% ciliation at 8 weeks.
DISCUSSION
Under our conditions, cultures of human tracheal epithelium can be passaged twice while retaining barrier function and levels of transepithelial ion transport similar to native epithelium. P 2 cells also maintain high degrees of ciliation, although it took longer for cilia to develop than with P 0 and P 1 cells. P 3 and P 4 cells, however, were markedly dedifferentiated. Expansion of P 0 cells was 10-fold, and expansion of P 1 cells was 5-fold. When plated at low density in T 75 flasks, it took about a week for P 0 and P 1 cells to achieve the degree of confluence needed for passaging. At the higher plating densities used with inserts, confluence took about 3 days. Thus, in about 2.5 weeks, the numbers of well-differentiated cell sheets can be increased about 50-fold.
For expansion of cells, we plated in T 75 flasks at 2 × 10 4 cells/cm 2 . Other groups, using plating densities of 500, 10 4 , or 1.25 × 10 4 cells/cm 2 (9, 13, 17) , have grown human airway epithelial cells and passaged them at 75% confluence several times. Thus, it is possible that without changing our culture conditions, we could lower the plating density and achieve greater amplification of cell numbers. Of course, lowering the plating density would prolong the time needed to achieve differentiated cultures, and currently, a 50-fold amplification in cell numbers is more than sufficient for us.
To produce differentiated cells, we plated at 5 × 10 5 cells/cm 2 . We have shown earlier that reducing the plating density on inserts from 10 6 to 3 × 10 5 cells/cm 2 has no significant effect on I sc and R te , but that reducing the plating density further to 10 5 cells/cm 2 causes a significant reduction in baseline I sc of approximately 40% (5) . Therefore, we would not recommend going below 2.5 × 10 5 cells/cm 2 if high levels of differentiation are required. Results of others confirm this impression. Thus, plating of passaged cells on inserts at 5 × 10 5 cells/cm 2 produced maximal I sc s of approximately 10 µA/cm 2 (13), a value similar to the almost 15 µA/cm 2 showed by our P 1 cells and 10 µA/cm 2 by our P 2 cells. By contrast, P 2 and P 3 cultures plated at 2 × 10 4 cells/cm 2 had I sc of approximately 3 µA/cm 2 (9).
Our conclusion that human airway epithelial cells cannot be passaged more than about four times is in essential agreement with those of others (9, 12) . Passaging up to six times (13) has been described. This increased ability to passage the cells was achieved by reducing the degree of confluence at which the cells were passaged from the traditional 80% to 50%-70%. Thus, the increase in the number of passages was achieved at the expense of the amplification in cell number at each passage. Plating at 1.25 × 10 4 cells/cm 2 , de Jong et al. (17) describe the passaging of human bronchial cells up to eight times. This unusually high number of passages may have been due to co-culture of the epithelial cells with irradiated 3T3 fibroblasts.
There was an 8-fold reduction in cell number per unit area of insert over four passages (Figure 1) , and this 
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was accompanied by a 3-fold increase in cell protein content, an index of average cell size (Figure 2 ). These changes with passaging represent a progression from many small cells to a few comparatively large cells, from pseudostratified appearance to highly squamous, and from thick to thin cell sheets. From our previously published relationship between protein content and cell height (7), we estimate cell height of P 0 and P 1 cells at week 2 to be approximately 40 µm, as compared with approximately 5 µm in P 4 cells at week 8. Such changes with passaging are well known (but little quantified) for cells grown on solid supports. This, however, is the first time that similar changes have been described for cells grown on porous-bottomed inserts.
In P 0 cells, cilia first appeared at about 2 weeks and reached maximal levels at approximately 4 weeks, which is in good agreement with the reports of others (26, 27) . With increasing passage number, however, the appearance of cilia was delayed, until at P 3 barely any cilia were found even after 8 weeks in culture, and cilia were never seen in P 4 cells.
In conclusion, if cells are plated at 2 × 10 4 cells/cm 2 in T 75 flasks, a week later the cell number will be increased 10-fold. Another passage of these cells will result, after the same interval, in a further 5-fold increase in cell number. If these P 1 cells are then passaged at 5 × 10 5 cells/cm 2 onto inserts, they will produce P 2 cells with electrical properties and ultrastructure little different from those of P 0 cells plated onto inserts immediately after tryptic digestion of the native epithelium. In short, cell numbers can be increased up to 50-fold with little loss of either function or differentiated structure.
